Abstract Suspension plasma spraying (SPS) has been shown as a promising process to produce porous columnar strain tolerant coatings for thermal barrier coatings (TBCs) in gas turbine engines. However, the highly porous structure is vulnerable to crack propagation, especially near the topcoat-bondcoat interface where high stresses are generated due to thermal cycling. A topcoat layer with high toughness near the topcoat-bondcoat interface could be beneficial to enhance thermal cyclic lifetime of SPS TBCs. In this work, a bilayer coating system consisting of first a dense layer near the topcoat-bondcoat interface followed by a porous columnar layer was fabricated by SPS using Yttria-stabilised zirconia suspension. The objective of this work was to investigate if the bilayer topcoat architecture could enhance the thermal cyclic lifetime of SPS TBCs through experiments and to understand the effect of the column gaps/vertical cracks and the dense layer on the generated stresses in the TBC during thermal cyclic loading through finite element modeling. The experimental results show that the bilayer TBC had significantly higher lifetime than the single-layer TBC. The modeling results show that the dense layer and vertical cracks are beneficial as they reduce the thermally induced stresses which thus increase the lifetime.
Introduction
Thermal barrier coatings (TBCs) are widely used in the gas turbine industry to protect the metallic components from the high temperature environment. They also allow the turbine to operate in higher temperature so that turbine will run with increased efficiency (Ref 1). These coatings are applied by either thermal spraying or electron beamphysical vapor deposition (EB-PVD). Among the family of the thermal spraying, suspension plasma spraying (SPS) is a relatively new method for applying TBCs. Unlike the conventional thermal spraying methods where feedstock size is typically in the range of several micrometers, submicron and nano-sized particles can be used in SPS in the form of a suspension (Ref 2, 3) . SPS can be used to create a strain tolerant columnar microstructure similar to EB-PVD coatings at a fraction of the cost of EB-PVD coatings. The columnar microstructure fabricated by SPS typically contains much higher porosity than EB-PVD coatings and therefore, SPS TBCs exhibit lower thermal conductivity (Ref 4, 5) than conventional TBCs produced by atmospheric plasma sprayed (APS) and EB-PVD (Ref 6, 7) . However, the lifetime of SPS TBCs under thermal shock loading is still an issue as the highly porous microstructure produced by SPS is prone to detrimental cracking.
Failure of TBCs is driven by several parameters. During service conditions, TBCs undergo thermal cyclic loading due to the cyclic variation of the environment temperature and the different thermal expansion coefficients of the layers in the TBC system. During start up and shut down of the turbine engine, thermal shock loading is generated which creates stress variations that cause the coating failure. The highest stresses typically occur near the topcoat (TC)-bondcoat (BC) interface during thermal cycling, thus causing failure of the coating near the TC-BC interface (Ref 8, 9) .
It has been observed in previous work done by Viswanathan et al. (Ref 10) on APS coatings that TBC lifetime can be enhanced by (1) increasing the toughness of the topcoat near the TC-BC interface, and (2) increasing the compliance of the ceramic coating. The reason for increasing the toughness near the TC-BC interface is that this area is most prone to detrimental cracking as discussed above, while higher compliance would imply higher strain tolerance and thermal shock resistance during thermal cycling.
Toughness of the coating near the TC-BC interface could be increased either by spraying a graded coating with denser microstructure near the interface and porous microstructure toward the surface or by depositing a bilayer topcoat with first a dense layer with high toughness and then a conventional porous/vertically cracked layer. Since a graded microstructure increases the complexity of spraying, a bilayer coating architecture with a dense topcoat layer near the topcoat-bondcoat interface which could provide the necessary toughness followed by a strain tolerant layer for high lifetime seems to be a feasible approach. The appropriate thickness of the dense layer in a bilayer system for high lifetime was considered to be 50-60 lm (Ref 10).
The compliance or strain tolerance of the coating is typically enhanced by spraying a vertically cracked microstructure by APS or a columnar microstructure by EB-PVD. A columnar microstructure produced by SPS would, however, be more suitable as the second layer in the bilayer topcoat as it provides both high strain tolerance as well as low thermal conductivity as discussed above. Fan et al. (Ref 11) investigated the effect of periodic vertical surface cracks on failure in TBCs and concluded that surface cracks with appropriately high density can enhance the durability of TBCs, which indicates that a columnar microstructure with periodic vertical column gaps similar to vertical surface cracks could be beneficial as the second layer in bilayer system to suppress interface cracks and thus enhance TBC lifetime.
The objective of this work was to investigate if the bilayer topcoat architecture could enhance the thermal shock lifetime of SPS TBCs and to understand the effect of the dense layer and the column gaps/vertical cracks on the generated stresses in the TBC during thermal cyclic loading. For this purpose, a bilayer coating system with a dense layer followed by a porous columnar layer was produced by SPS and compared to the single-layer SPS columnar coating system. A finite element model of the thermal shock test was developed to evaluate the induced thermal stresses in the two TBC systems.
Experimental Details

Material and Process
In this study, two TBC systems were sprayed-a singlelayer topcoat TBC and a bilayer topcoat TBC. The bilayer TBC consisted of a dense topcoat layer near the topcoatbondcoat interface which could provide the necessary toughness followed by a porous columnar layer which could provide the necessary strain tolerance for high lifetime. The single-layer TBC consisted of only the porous columnar layer as the topcoat.
8 wt.% Yttria-stabilised zirconia (YSZ) ethanol suspension (Treibacher AG, Austria) with D50 = 500 nm and 25 wt.% solid load was used as the topcoat material in both cases to spray the columnar layers. The denser layer in the bilayer topcoat system was sprayed using the 8YSZ nano-suspension (Treibacher AG, Austria) with D50 = 50 nm and 25 wt.% solid load. The topcoat layers were deposited by Mettech Axial III SPS (Northwest Mettech Corp., Canada). Same spray parameters were used to produce the porous columnar layers in both topcoat systems while the dense layer of the bilayer system was obtained by changing the spray parameters as well as the suspension feedstock. The total target thickness for topcoats was 250 lm. In the bilayer system, the target thickness of denser layer was 50-60 lm, the porous columnar layer thickness thus being around 200 lm.
The bondcoat and substrate materials for both cases were NiCoCrAlY and Hastelloy-X, respectively, and were kept the same in both topcoat systems. Bondcoat was deposited by M3 HVAF gun (Uniquecoat Technologies, USA) with AMDRY 386-2 (Oerlikon Metco, Switzerland) as the bondcoat material. The target bondcoats thickness was 200 lm. Substrates in dimensions 25.4 mm diameter 9 6 mm thickness were used in this study.
Thermal Shock Testing
Thermal shock testing evaluates the coating's ability to withstand rapid cooling and heating during the service of the coating. It tests how a coating can handle the stresses generated due to thermal expansion mismatch of the topcoat and bondcoat, topcoat sintering and high thermal gradients. Unlike thermal cyclic fatigue (TCF) testing, growth of the TGO and its effects are less important in thermal shock testing due to the short cycle time (Ref 12) .
Testing was conducted using the burner rig at GKN Aerospace, Sweden. In the testing, samples surfaces were heated rapidly to around 1300°C and rear face temperatures of between 960 and 980°C during 75 s and thereafter forced cooled using compressed air from the rear side for 75 s. Samples were monitored at the end of each cycle by using a camera system. Failure of the coating was considered to be when 20% of the coating area spall off from the coating surface. Three samples of each coating were tested in this study.
Microstructure and Thickness Measurements
For microstructure examination, the specimens were first infiltrated in vacuum with epoxy and mounted to avoid damage during the subsequent cutting and grinding steps. Thereafter, the specimens were cut using a diamond saw, mounted again and polished using a standard procedure for ceramic coatings. Sample cross sections in as-sprayed condition as well as after burner rig testing were investigated by scanning electron microscopy (SEM) using a Hitachi TM3000 TableTop SEM.
High surface roughness of the columnar microstructure induces significant errors in thickness measurement of the coating using a screw gauge. Therefore, thickness of individual layers in the bilayer system was measured using optical microscopy for the modeling work. More than 100 measurements were taken across the cross section of the coating. The topcoat thickness of the single-layer TBC was kept the same as the total thickness of the two layers in bilayer TBC in the model for direct comparison of the modeling results.
Finite Element Modeling
In order to understand how the column gaps/vertical cracks (hereafter referred to as only vertical cracks) and the dense layer affect the thermal shock lifetime of the coatings, a two-dimensional (2D) finite element model of the thermal shock test was developed. The developed models were used to calculate the temperature distribution and thermal stresses during thermal shock testing. It should be noted here the purpose of this numerical modeling was not to exactly predict the lifetime of the coating, but to acquire an insight on how the vertical cracks and dense layer influence the thermally induced stresses in the coating that influence the lifetime of the coating.
Model Description
To understand the effect of the vertical cracks and the dense layer on the thermal shock lifetime, six models were created as described in Table 1 . The first set (S1 and B1) of models contained no vertical cracks, the second set (S2 and B2) contained vertical cracks only in the porous topcoat layer (PL), while the third set (S3 and B3) contained vertical cracks in both PL as well as the dense topcoat layer (DL). For all three sets, single-layer and bilayer topcoats were modeled to study the effect of the dense layer and vertical cracks individually in each case.
The geometries for these models were created by using Siemens NX version 9 (Siemens PLM Software, USA) CAD software. The TC-BC interface was modeled as a simple sinusoidal wave with 20 lm amplitude and 100 lm wavelength. Other dimensions were set to experimentally measured values of the TBC system as shown in Table 1 .
The average values of the measured dimensions were used in the models. A schematic representation of the 2D models is shown in Fig. 1 and 2 . The generated CAD models were imported into the ANSYS workbench 15.0 (ANSYS, Inc., Canonsburg, PA, USA) environment where the numerical simulations were carried out.
In order to calculate the thermal stresses, temperature distribution across the model should be evaluated. Thus, initially a transient thermal analysis was performed to obtain the temperature distribution in the models during thermal shock testing. Once the temperature distribution 
(a)Single-layer coating height was taken as the sum of the average value of the DL height and the PL height was calculated, the results were imported into the static structural analysis module in ANSYS to evaluate the thermal stresses.
In transient thermal analysis, the following assumptions were made.
• Two-dimensional heat transfer occurred across the model. • Oxidation of the bondcoat was neglected since it is typically not significant in thermal shock testing due to the short exposure time.
In the static structural analysis, 2D plane stress condition was used.
Boundary Conditions
In the transient thermal analysis, heat flux through the bottom and top boundaries (AB and CD in Fig. 1 , respectively) of the model were adjusted in such a way that the temperature variation during the thermal shock cycling at the top and bottom boundaries of the model matches the measured temperature variation at the top and bottom of the samples. The boundaries AC and BD were kept insulated as it was assumed that there is no heat transfer in those directions because the specimens were much larger than the model geometry.
In the static structural analysis, following boundary conditions were assigned to the model geometry (refer Fig. 1 ).
• Bottom (AB) and Top (CD)-Free surface • Left (AC)-No displacement along x direction • Right (BD)-Constrained displacement for all the nodes in the boundary so that the boundary moves keeping the shape as a straight line
Material Properties
Temperature-dependent material properties were adapted from the available literature (Ref [13] [14] [15] [16] [17] [18] for each material. Since the microstructure of the dense layer had less porosity value compared to the porous layer, higher values were selected for the relevant material properties of the dense layer than the porous layer. In the single-layer topcoat models, the topcoat was assigned the porous layer material property values. The material property values used in the models are listed in Tables 2 and 3 . Norton power where _ e is the strain rate, r is the stress, T is the temperature and A, n and c are material constants.
Results and Discussions Experimental
Microstructure SEM microstructure images of the single-layer TBC in assprayed condition are shown in Fig. 3 . A porous columnar topcoat microstructure can be observed for the single-layer topcoat in Fig. 3(a) . A thin crack can be observed along the topcoat-bondcoat interface which is deemed to occur during metallographic preparation of the sample. In Fig. 3(b) , the column gap between the columns in the single-layer topcoat is shown at a higher magnification. It can be observed in Fig. 3(b) that the column gap, unlike a vertical crack in the conventional vertically cracked APS microstructure, is partially filled with mostly sphericalshaped particles and is also partially connected rather than a distinct gap as simulated in the finite element model. These particles could be formed due to overspray resulting from the deposition of particles which passed through the colder plasma plume periphery and were thus either not fully molten (Ref 19) or were solidified before impact on the substrate. The column gap in the case of single-layer topcoat shown in Fig. 3(b) was in the range of 12-15 lm.
SEM microstructure images of the bilayer TBC in assprayed condition are shown in Fig. 4 . A denser first layer of topcoat can be observed in Fig. 4(a) which is followed by a porous columnar second layer similar to the topcoat in Fig. 3(a) . In Fig. 4(b) , the DL-PL interface is shown at a higher magnification along with the column gap in the PL. It can be observed in Fig. 4(b) that similar to the singlelayer topcoat shown in Fig. 3(b) , the column gap is partially filled with semi-molten/unmolten particles and is also partially connected. The column gap in case of bilayer topcoat shown in Fig. 4(b) was in the range of 10-12 lm which is lower than that of the single-layer topcoat. This could be due to the different roughness of the layer beneath (bondcoat in case of single-layer TBC while DL in case of bilayer TBC) which has been shown to strongly influence Another feature which could be observed in Fig. 4(b) is the extension of the column gap from the PL into the DL in the form of a vertical crack. These vertical cracks were found to be more prominent near the surface asperities present in the bondcoat layer as indicated in Fig. 4(a) . Marr et al. (Ref 20) showed in previous work done on SPS deposition of thin and dense YSZ coatings for solid oxide fuel cell applications that the surface asperities on the layer beneath could result in regions of aligned and concentrated porosity on their sides similar to the cracks observed in Fig. 4(b) . This type of surface asperities is also deemed to be reason for the formation of a columnar microstructure as proposed by VanEvery et al. (Ref 21) and the column gaps are usually formed along the sides of these asperities. In Fig. 4(a) , it can be observed the surface asperity on the bondcoat layer (indicated by dotted arrow) which resulted in the vertical crack in DL (indicated by the solid arrow) also resulted in a similar surface asperity on the DL (indicated by another dotted arrow) which could have promoted the column gaps along its sides. Therefore, this could explain why the columnar gaps in the PL are aligned with the vertical cracks in the DL .
In Fig. 4(a) , an undesired feature can be observed that the porosity of the PL decreased toward the coating surface. The authors believe that the possible reason for this could have been that suspension might have not been well dispersed during spraying due to lower amount of suspension left toward the end of the spray run and therefore the solid load might have gone up from 25% during spraying resulting in a denser layer toward the top. Another reason could be the interruption during spraying to measure the thickness of the resulting layer in order to achieve the correct thickness as desired. However, this unintentional effect on the microstructure would not affect the results significantly.
Thermal Shock Testing Figure 5 shows the thermal shock test lifetimes of the single-layer and bilayer TBC samples. It can be clearly seen that the bilayer topcoat had a significantly higher lifetime than the single-layer topcoat. Bilayer samples showed three times higher average lifetime than the singlelayer samples.
The microstructure of the single-layer TBC after failure in burner rig testing is shown in Fig. 6(a) . It can be observed that failure occurred in the topcoat near the TC-BC interface within approximately 50 lm of the interface. This failure mode was expected as the highest stresses occur near the TC-BC interface as discussed in section ''Introduction'' and correlates well with other studies done Opening as well as closing of the column gaps in the topcoat due to thermal cycling and possible sintering effects was also observed as indicated in Fig. 6(a) . The opening of column gap seemed to facilitate crack propagation within the topcoat in certain cases as shown in Fig. 6 (a) which needs to be investigated further. The microstructure of the bilayer TBC after failure in burner rig testing is shown in Fig. 6(b) . In this case, the failure mode was a mixture of cracking in the topcoat (1) near the TC-BC interface and (2) close to the PL-DL interface. It seems from the results that the higher fracture toughness of the dense layer near the TC-BC interface prevented severe cracking and thus delayed the failure as previously observed for APS coating (Ref 10) . The possible reasons for crack formation close to the PL-DL interface could be (1) lower adhesion of the two layers due to significantly different porosities, (2) lower fracture toughness of the PL as compared to the DL, and/or (3) lower thermal expansion coefficient of the DL due to lower porosity than the PL. This phenomenon was also observed in previous work done on multilayered multimaterial SPS coatings (Ref 22) . A graded coating with denser microstructure near the TC-BC interface and porous microstructure toward the surface may solve these issues and further extend the bilayer TBC lifetime.
Modeling
Thermal Analysis Figure 7 shows the temperature variation in the topcoat of the model S1 at the end of a heating cycle and a cooling cycle. The figure shows that a gradient temperature profile was achieved with values similar to the experimental values during burner rig testing. Similar temperature profiles were observed in the other models. Figure 8 shows the Y direction stress variation during thermal cycling in the model B1 at the end of 3rd heating cycle and 3rd cooling cycle. High tensile stresses can be observed near the peaks of the sinusoidal TC-BC interface at the end of the cooling cycle while at the end of the heating cycle, high tensile stresses can be observed near the valleys of the sinusoidal TC-BC interface profile. These stress patterns are similar to the observations in previous work which occur to the sinusoidal interface geometry and the thermal expansion mismatch between different layers in the TBC system (Ref 9, 23 ). All models investigated in this study similar stress patterns and thus the results presented here will be focussed on these areas.
Stress Variation During Thermal Cycling
Stress Variation with Time
All models showed cyclic stress variation in the topcoat with time due to the cyclic heating and cooling of the samples under thermal shock testing environment. Figure 9 shows this variation of stresses in the S1 model at a single point close to a peak and a valley location of the TC-BC interface profile during the first four cycles. In Fig. 9 , the first 75 s along the time axis shows the heating cycle while the next 75 s shows the cooling cycle and so on. Both near peak and near valley X direction stresses increased initially during the heating cycle and then decreased during the cooling cycle. However, the growth in stresses during each heating cycle started to decrease with time due to the creep. The rate of decrease in the maximum stresses during each subsequent heating cycle due to creep was observed to be dying down (when considering the dotted curve that goes through the peak of the heating cycle stresses in Fig. 9(a) ) Fig. 6 (a) Single-layer TBC, and (b) bilayer TBC SEM microstructure images after failure in burner rig testing Fig. 7 Temperature profile (in°C ) in the S1 model topcoat (a) at the end of the heating cycle, and (b) at the end of the cooling cycle indicating the stress amplitude Dr (from tensile to compressive and vice versa) during heating and cooling will reach a steady state after a certain time.
The Y direction stresses near the peak and valley location showed opposite variation to each other. Near peak Y direction stress fluctuated from compressive stress during the heating cycle to tensile stresses during the cooling cycle whereas the near valley stresses fluctuated from tensile to compressive stresses from heating to cooling cycles. The reason for the two opposite Y direction stress states in the peak and valley locations as in this case has been explained in previous work (Ref 16 ). Similar to the case for X direction stresses shown in Fig. 9(a) , both near peak and near valley Dr in case of Y direction stresses also seem to be reaching a steady state after a certain time as indicated by the dotted curves. Similar stress variations with time were observed in other models in this study.
Stress relaxation can occur only during the heating cycle and no creep occurs during the cooling cycle because creep values are too low at lower temperatures. The X direction stresses initially increase during the heating cycle in both near peak and near valley positions. During the cooling cycle, there will be no creep and there will be a constant level of reduction of stresses Dr 1 from tensile to compressive as shown in Fig. 9(a) . In the next heating cycle, due to the creep, the stresses will not reach the previous cycle maximum stress level even though the temperature rise is the same as previous cycle. However, since there is no creep during the cooling, stresses will decrease in the same amount Dr 1 as previous cycle since the temperature reduction is same as the previous cycle.
Similarly, Y direction near peak stresses initially decreases during the heating cycle. During the cooling, since there is no creep, the stresses will increase in a constant amount Dr 2 from compressive to tensile as shown in Fig. 9(b) . In the next heating cycle, stresses will not reach the minimum stress level as the previous cycle due to creep but during the next cooling cycle; there will be the same stress increase Dr 2 since the temperature reduction is the same. Therefore, it will have a higher peak tensile stress value than the previous cycle peak stress value during cooling. Figure 10 shows the stress variations with time for the S1 and B1 models at the near peak location. It can be observed that the bilayer model B1 with a DL showed lower Dr in the topcoat during thermal cycling when compared to the similar single-layer model. The reason for this could be that since the DL had a higher thermal expansion coefficient than the PL (see Table 2 ), the thermal expansion mismatch between the metallic bondcoat and the ceramic coating became lower. The lower thermal expansion mismatch in the bilayer model as compared to the single-layer model would reduce the stresses near the TC-BC interface. Lower stresses near the TC-BC interface would imply lower detrimental cracking thus leading to longer lifetime, which could explain the experimental results in this study as well as previous work done on APS coatings (Ref 10) why the bilayer coatings exhibited significantly longer cyclic lifetime.
Effect of Dense Layer on Coating Stresses
Other important phenomena which were not considered in the model in this study are fracture toughness. The initial driving force for crack propagation is high stress but the crack generation and propagation also depend on the material's fracture toughness. Higher fracture toughness of the DL was probably another factor leading to higher lifetime of the bilayer samples as observed in previous work done on APS coatings (Ref 10). Figure 11 shows the stress variations with time for the S1 and S3 models at the near peak location. It can be clearly observed that the model S3 with vertical cracks down to the TC-BC interface showed much lower Dr in the topcoat during thermal cycling than model S1 with no vertical cracks along both X-and Y directions. Similar effect was observed when comparing the bilayer models B1 and B3. The difference in Dr between S1 and S2 near the peak and valley locations was observed to be very small. However, in the case of model S2, the stresses in the coating area where cracks were present showed compressive stresses which are not detrimental as shown in Fig. 12 . Similar results were reported in the literature (Ref 24) for the X direction stresses in the coating which imply that the vertical cracks increase the strain tolerance of the coating during thermal cycling.
Effect of Vertical Cracks on coating Stresses
These results show that vertical cracks are highly beneficial for reducing stresses in both X direction thus providing better strain tolerance as well as Y direction thus preventing the formation of detrimental cracks in the topcoat during thermal cycling.
Stress Amplitude Versus Coating Lifetime
During thermal shock testing, the stresses in the coating fluctuate from tensile to compressive or vice-versa due to the cyclic thermal loading resulting from the cyclic temperature variation. This fluctuation of the stresses will result in thermo-mechanical fatigue in the coating which will influence the lifetime of the coating. As proposed in the lifetime prediction model by Liu et al. (Ref 8) , the coating's lifetime is dependent on Dr. A higher Dr in the coating would imply a lower lifetime and vice-versa. Therefore, Dr could be a helpful parameter to understand the lifetime of the coatings and especially to compare different coatings. It must be noted here that the failure will significantly depend on if the mean stresses operate largely in tension or compression. In this case, since the coatings did not show a significant difference in the mean stresses, the stress amplitude would be the key factor. TBCs typically fail due to the horizontal crack propagation within the ceramic coating. The driving force for this is the Y direction stresses generated in the topcoat, and thus Dr in Y direction stresses was selected for comparison of the lifetime of different models.
Since higher Dr occurred in the areas above peak and valley locations, the Dr (here it is the difference between maximum and minimum stresses during the 3rd cycle) with respect to the Y direction distance from the TC-BC interface was investigated for these areas for all models. Figure 13 shows Dr above a peak location in all models against the Y direction distance from the peak at the TC-BC interface. All models showed higher Dr near the TC-BC interface indicating that failure or crack initiation can happen in this area. The Dr decreased at a decreasing rate in the models moving further away from the interface. With the increase in distance from TC-BC interface, the effect on the stresses due to the interface profile seems to be lower. However, in the case of S2 and B2 models, stresses initially decreased with increasing distance as other models but near the PL-DL interface, the stresses remained almost constant. The reason behind this could be the stress pattern generated due to the crack tips at the PL-DL interface as shown in Fig. 12(b) .
For all three sets of models developed in this study as described in section ''Model Description'', it can be clearly observed that the bilayer models B1-B3 had lower Dr than the single-layer models S1-S3. The bilayer models having the DL showed around 16% Dr reduction near the peak areas when comparing S1 and B1. This result indicates that the bilayer topcoat microstructure is beneficial for increasing the thermal cyclic lifetime of SPS coatings as also concluded in previous work done on APS coatings.
It can be also observed in Fig. 13 that the models with vertical cracks down to the TC-BC interface had the lowest Dr of all coatings for both single-layer and bilayer TBCs. They had the lowest Dr as compared to the rest of the models through out the Y direction distance. Near the peak location, around 40% Dr reduction was observed when comparing S1 and S3. This result indicates that vertical cracks have a more significant effect on Dr than the DL, and thus are more beneficial for higher TBC lifetime. The most beneficial model was the bilayer model B3 with vertical cracks down to the TC-BC interface which had both beneficial effects from the DL as well as the vertical cracks.
When comparing the SEM images shown in Fig. 3(a) and 4(a) , the models most accurately representing the experimental coatings are S3 and B3, respectively, as 
Conclusions
In this study, a bilayer topcoat with a dense layer close to the topcoat-bondcoat interface followed by a porous columnar layer was fabricated by SPS and its lifetime under thermal shock testing was compared to the singlelayer porous columnar SPS topcoat in TBCs. The effect of the dense layer and column gaps/vertical cracks on the coating stresses under thermal shock loading conditions in single and bilayer TBC systems was studied by finite element modeling.
The experimental results showed that it was possible to achieve a bilayer topcoat by SPS as intended and the bilayer TBC exhibited significantly higher thermal shock lifetime as compared to the single-layer TBC. The failure in single-layer TBC occurred in the topcoat near the TC-BC interface while in the bilayer TBC, the failure was a mixture of cracking in the topcoat near the TC-BC interface and close to the PL-DL interface. The modeling results showed that both dense layer and vertical cracks/-column gaps are beneficial to enhance TBC lifetime as they reduce the induced stresses during thermal shock loading. The modeling results could thus explain the longer lifetime of the bilayer TBC in burner rig testing.
A graded coating with denser microstructure near the TC-BC interface and porous microstructure toward the surface with column gaps/vertical throughout the topcoat could be beneficial to further extend TBC lifetime as it would not contain a clear interface between the porous and dense layer and thus preventing failure in the interface. 
